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Abstract 

The  temporal  evolution  of  non-equilibrium  y’  precipitates  in  a  rapidly  quenched 
and  isothermally  annealed  commercial  nickel  base  superalloy  has  been  investigated  by 
coupling  transmission  electron  microscopy  and  atom  probe  tomography.  When  subjected 
to  rapid  quenching  from  above  the  y’  solvus  temperature,  the  supersaturated  single  phase 
y  matrix  appears  to  undergo  compositional  phase  separation  possibly  via  spinodal 
decomposition  to  form  solute-rich  and  solute-depleted  regions.  The  regions  that  have  an 
excess  of  A1  and  Ti  (depleted  in  Cr  and  Co)  undergo  an  ordering  process  resulting  in  the 
y’  domains  which  exhibit  a  far- from  equilibrium  composition.  Furthermore,  only  local 
equilibrium  is  observed  near  the  y/y’  interface,  with  the  far- field  y  composition  being  far- 
from  equilibrium  at  the  early  stages  of  annealing.  Upon  isothermal  annealing,  the  y/y’ 
interface  sharpens  and  the  compositions  of  both  y  and  y’  phases  approach  equilibrium. 
The  influence  of  a  non-classical  mechanism  of  y’  precipitation  on  the  size  distribution  of 
precipitates  as  well  as  the  precipitate  and  matrix  compositions,  and  its  subsequent 
evolution  during  isothermal  annealing  has  been  discussed. 

Introduction 

The  microstructure,  in  case  of  most  nickel  base  superalloys,  primarily  consists  of 
finely  dispersed  precipitates  of  the  ordered  y’  phase,  having  an  LU  structure,  within  a 
disordered  face-centered  cubic  (FCC)  y  matrix.  When  a  disordered  solid  solution  is 
rapidly  quenched  from  the  single  y  phase  field  to  room  temperature,  it  results  in  a  two- 
phase  mixture  of  y  and  y’s.  However,  the  highly  supersaturated  and  undercooled  single  y 
phase  is  often  unstable,  more  precisely  metastable,  with  respect  to  the  ensuing  ordering  or 
phase  separation  [1],  The  decomposition  of  the  supersaturated  y  solid  solution  may  take 
place  via  multiple  transformation  pathways.  In  the  past,  significant  research  efforts  have 
been  devoted  to  investigate  the  precipitation  mechanism  of  the  y’  phase  [1-6].  In  most 
cases,  the  FCC  to  LI2  transformation  is  a  first  order  transition,  involving  classical 
nucleation  and  growth,  wherein  precipitates  of  the  ordered  y’  phase  with  a  near¬ 
equilibrium  composition  will  be  randomly  nucleated  throughout  the  matrix.  A  second 
pathway  is  where  the  supersaturated  y  solid  solution  undergoes  spinodal  decomposition 
to  form  solute -rich  and  solute-depleted  regions,  followed  by  ordering  within  typically 
those  regions  that  are  richer  in  solutes  such  as  A1  and  Ti  [1,7-12],  Similar  study  on  phase 
separation  in  the  Fe-Cr  system  has  been  reported  where  statistical  analysis  of 
concentration  frequency  distribution  was  used  to  detect  phase  separation  at  the  early 
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stages  of  coarsening  [13].  Other  alternative  pathways  include  decomposition  wherein  the 
degree  of  ordering  continuously  increases  [14]  or  decomposition  that  occurs  via 
congruent  ordering  before  phase  separation  [2,6,15,16]. 

Pareige  et  al.  [17]  have  reported  ordering  and  phase  separation  taking  place  in  a 
model  Ni-Cr-Al  alloy  using  a  combined  Monte  Carlo  (MC)  simulation  and  experimental 
approach  that  included  results  from  atom  probe  tomography  (APT).  Their  results  indicate 
that  the  precipitation  mechanism  of  the  y’  phase  occurs  via  classical  nucleation  and 
growth  in  a  low  supersaturated  Ni-Cr-Al  alloy,  whereas  decomposition  of  a  high 
supersaturated  alloy  takes  place  via  congruent  ordering  followed  by  phase  separation.  A 
more  recent  study,  carried  out  by  Viswanathan  et  al.  [9],  investigated  the  precipitation 
mechanism  of  the  y’  phase  in  a  rapidly  quenched  commercially  used  Ni-based  superalloy, 
Rene  88  DT.  The  experimental  observations  indicate  that  phase  separation  occurring  in 
the  y  matrix  develops  nanometer  scale  domains  that  are  depleted  in  Co,  Cr,  and  Mo.  The 
concentration  of  Al  and  Ti  showed  a  reverse  trend  in  these  domains.  The  Cr  depleted 
domains,  which  are  also  depleted  in  Co  and  Mo  and  enriched  in  Ti  and  Al,  subsequently 
undergo  chemical  ordering  to  form  y’  precipitates  exhibiting  the  LI2  ordered  structure. 
The  presence  of  such  ordering  was  observed  via  high  resolution  scanning  transmission 
electron  microscopy  (STEM),  where  the  ordered  regions  were  only  confined  within  the 
Cr-depleted  pockets.  Also  APT  results  showed  that  the  Cr-rich  and  Cr-depleted  domains 
were  interconnected  and  exhibited  compositions  that  were  far-from-equilibrium. 
Coupling  the  two  observations  presented  above,  Viswanathan  et.al.  suggested  the 
possibility  of  phase  separation  within  the  y  matrix  preceding  the  ordering  process  in  fast 
quenched  Rene  88  DT  [4], 

The  present  study  focuses  on  the  formation  and  temporal  evolution  of  ordered  y’ 
precipitates  with  far-from-equilibrium  compositions  resulting  from  rapid  quenching  from 
supersolvus  temperatures.  This  study  couples  transmission  electron  microscopy  (TEM)  as 
well  as  the  APT  technique  to  study  the  atomic-scale  structural  and  compositional  changes 
associated  with  isothermal  annealing  of  rapidly  quenched  Rene  88DT. 


Experimental  Procedures  and  Methods 

Experiments  were  carried  out  on  a  commercially  procured  Rene  88  DT  alloy  with 
a  nominal  composition  of  56.53Ni-16.24Cr-13.27Co-3.92Ti-2.09Al-4.08Mo-3.92W- 
0.76Nb  (wt%)  or  55.63Ni-18.02Cr-13.00Co-4.74Ti-4.45Al-2.48Mo-1.21W-0.46Nb 

(at%).  The  sample  material  was  cut  and  subsequently  y  solution  heat  treated  in  the  single 
y  phase  field  at  1150  °C  for  60  min  in  vacuum  and  subsequently  rapidly  quenched  in  ice- 
water  under  an  inert  argon  atmosphere.  After  quenching,  samples  were  subjected  to 
isothermal  annealing  at  760  °C  for  1,  5,  30,  or  60  min,  respectively.  Additionally, 
another  sample  (SC  50)  was  annealed  for  50  hr  at  760  °C.  Samples  for  TEM  were 
prepared  via  conventional  methods  consisting  of  mechanical  grinding,  followed  by 
dimple  grinding,  and  finally  ion-beam  milling  until  the  sample  was  electron  transparent. 
Ion-beam  milling  was  facilitated  by  low  energy  argon  on  a  Fischione  model  1010  system. 
TEM  sample  observations  were  conducted  on  a  FEI  Tecnai  F20  field-emission  gun  TEM, 
operated  at  200  kV.  Samples  for  APT  were  prepared  using  the  dual-beam  focused  ion 
beam  (FIB)  technique  using  a  FEI  Nova  Nanolab  200  system.  The  final  tip  diameter  of 
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the  atom  probe  specimens  was  50-70  nm.  APT  experiments  were  conducted  using  a 
C  AMEC  A  LEAP  3000X  HR  instrument.  All  APT  experiments  were  carried  out  in  the 
voltage  evaporation  mode  at  a  temperature  of  50  K  with  a  pulse  rate  of  160  KHz  and 
target  evaporation  of  0.5%.  Data  analyses  were  carried  out  using  CAMECA  IVAS  3.6 
software. 

Results  and  Discussion 

Rapidly  quenched  condition 

Fig.  1(a)  shows  a  selected  area  diffraction  (SAD)  pattern  of  extreme  water  quenched 
(EWQ)  Rene  88  DT  sample  recorded  along  the  <001>  zone  axis.  In  this  diffraction 
pattern,  the  presence  of  <100>  and  <1 10>  superlattice  spots,  along  with  the  fundamental 
y  reflections,  indicates  an  Ll2-type  ordered  y’  precipitation  forming  during  quenching 
from  the  supersolvus  temperature.  However,  the  SAD  pattern  shows  no  evidence  of 
satellite  reflections  around  the  primary  matrix  reflections,  which  is  typically  the  signature 
of  phase  separation  via  spinodal  decomposition. 

The  compositional  analyses  of  the  rapidly  quenched  y’  precipitates  has  been  carried 
out  using  APT.  The  y/y’  interfaces  have  been  delineated  by  selecting  an  appropriate  Cr 
iso-concentration  value  [18].  Cr  was  chosen  as  the  preferred  element  as  it  strongly 
partitions  between  the  y  and  y’  phases  in  this  alloy.  Fig.  1(b)  shows  a  three  dimensional 
reconstruction  where  an  isosurface  generated  using  Cr  =  14  at%  has  been  superimposed 
on  the  Ni  atoms  (green).  The  corresponding  two-dimensional  Cr  concentration  map  is 
also  shown  in  this  figure.  Both  the  3D  reconstruction  as  well  as  the  2D  compositional 
map  in  Fig.  1(b)  reveal  the  interconnectivity  between  Cr-rich  and  Cr-depleted  pockets. 
This  is  quite  similar  to  the  HAADF-HRSTEM  observation  in  [9]  and  can  be  related  to  the 
nano-scale  composition  modulation  developing  in  the  quenched  alloy,  a  possible 
indicator  of  the  early  stages  of  spinodal  decomposition.  It  is  worth  noting  that  the 
composition  modulation  observed  in  the  APT  results  presented  in  this  paper  as  well  as 
from  the  HRSTEM  observations  discussed  previously  [4]  are  not  associated  to  a 
particular  elastically  soft  direction,  namely  <100>  in  case  of  cubic  phases.  Furthermore, 
the  regions  with  less  than  14  %  Cr,  enclosed  by  concave  interfaces  in  the  3D  APT 
reconstruction  shown  in  Fig.  1(b)  and  the  darker  pockets  in  2D  composition  map  shown 
below,  are  very  similar  in  size-scale  to  the  ordered  domains  observed  in  the  aberration- 
corrected  HAADF-STEM  images  reported  previously  [4],  Thus,  it  can  be  deduced  that 
these  Cr-depleted  regions  correspond  to  the  y’  precipitates  while  the  regions  having  more 
than  14  %Cr  correspond  to  the  y  matrix.  The  partitioning  of  the  primary  alloying 
elements  across  the  y/y’  interface  has  been  plotted  as  a  proximity  histogram,  generated 
using  a  Cr  =  14  at%  isosurface  (Fig.  1(c))  [18].  The  proxigram  clearly  shows  the 
partitioning  of  Cr  at  a  nanometer  scale  even  though  a  rapid  cooling  rate  was  experienced 
by  this  sample.  While  there  is  significant  partitioning  of  the  major  alloying  elements  such 
as  Cr,  Co,  and  Al,  the  compositional  gradient  across  the  y/y’  interface  is  very  diffuse,  and 
the  y’  precipitates  exhibit  a  far-from-equilibrium  composition  in  this  case.  For  reference, 
the  near-equilibrium  composition  of  y’  precipitates  in  Rene  88DT  has  been  determined 
from  precipitates  slow-cooled  from  a  supersolvus  temperature  and  subsequently  annealed 
at  760  °C  for  50  hrs  [19].  The  composition  of  the  y’  precipitates  in  both  conditions  are 
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listed  in  Table  1.  These  APT  results  corroborate  the  previously  reported  decomposition 
pathway  involving  the  development  of  a  composition  modulation  within  the  y  matrix 
followed  by  the  y  to  y’  transformation  within  the  Cr  depleted  regions  [4], 

Morphological  changes  during  isothermal  annealing 

Figs.  2(a)  and  (b)  show  dark  field  TEM  images  recorded  using  one  of  the  {100} 
superlattice  reflections  in  <00 1>  zone  axis  for  Rene  88  DT  samples  that  were  rapidly 
quenched  and  subsequently  annealed  at  760  °C  for  1  min  (EWQ+1)  and  5  min  (EWQ+5), 
respectively.  Similarly,  Figs.  2(c)  and  (d)  show  dark  field  TEM  images  obtained  using 
{111}  superlattice  reflection  in  <01 1>  zone  axis  for  samples  that  were  annealed  at  760°C 
for  30  min  (EWQ+30)  and  60  min  (EWQ+60),  respectively.  The  corresponding  SAD 
patterns  are  shown  as  insets  in  Fig.  2.  The  y’  precipitates  first  appear  as  discrete  particles 
after  annealing  for  1  min  and  5  min,  respectively,  as  shown  in  Figs.  2a  and  2b,  and 
substantially  grow  and  coarsen  after  annealing  for  30  and  60  min  (Figs.  2c  and  2d).  It  is 
worth  noting  that  the  dark  field  TEM  images  in  Fig.  2  have  been  obtained  using  only  one 
superlattice  reflection,  thus  capturing  the  volume  fraction  corresponding  to  just  one 
variant  of  y’  precipitates.  Thus,  the  actual  number  density  of  y’  precipitates  are  much 
higher  than  what  they  appear  in  Fig.  2.  The  annealed  EWQ  series  of  samples  exhibit 
nearly  spherical  morphologies.  Fig.  3(a)-(d)  show  size  distribution  plots  of  y’  precipitates 
obtained  from  dark  field  TEM  images  for  samples  that  were  annealed  at  760°C  for  1  min 
(EWQ+1),  5  min  (EWQ+5),  30  min  (EWQ+30),  and  60  min  (EWQ+60),  respectively. 
The  y’  precipitates  show  a  unimodal  size  distribution  for  all  of  the  annealing  times. 
Average  equivalent  y’  precipitate  diameters  from  isothermal  annealing  for  1  min,  5  min, 
30  min,  and  60  min  are  1.94,  2.04,  3.35,  and  3.56  nm,  respectively.  This  result  indicates 
that  the  precipitates  size  of  the  y’  phase  increases  with  increasing  annealing  time. 
Furthermore,  a  significant  change  in  the  size  of  the  y  ’  precipitates  occurs  between  5  and 
30  min. 

Compositional  analysis  during  isothermal  annealing 

Fig.  4(a)-(d)  show  APT  reconstructions  using  a  14at%Cr  isosurface  (blue) 
superimposed  on  Ni  ions  (green)  of  the  samples  which  were  isothermally  annealed  at 
760°C  for  lmin  (EWQ+1),  5min  (EWQ+5),  30min  (EWQ+30)  and  60min  (EWQ+60), 
respectively.  The  isosurfaces  delineate  multiple  fine-scale  y’  precipitates  for  all  annealing 
times.  The  APT  reconstructions  corresponding  to  the  EWQ+1  and  EWQ+5  samples 
clearly  show  an  increase  in  the  size  of  y’  precipitates  without  being  interconnected  in 
nature  as  observed  in  case  of  the  as  quenched  sample  (EWQ).  For  all  the  annealing  times, 
the  corresponding  proxigrams  are  plotted  in  the  same  figure  (Fig.  4)  generated  from  the 
14  at%Cr  isosurface.  As  observed  from  Figs.  4(a)  and  (b),  during  the  early  stages  of 
annealing  (lmin  and  5mins),  the  compositional  gradient  across  the  y/y’  interface  is  very 
diffuse.  However  for  longer  annealing  times,  the  y/y’  interface  width  becomes  sharper. 
Since  Cr  exhibits  the  largest  partitioning  across  the  y/y’  interfaces,  the  corresponding 
interface  widths  for  all  annealing  times  have  been  calculated  based  on  the  Cr  composition 
profile.  The  compositional  width  of  the  y/y’  interface  was  determined  using  a  method  that 
uses  90%  of  the  steady  state  y  and  10%  of  steady  state  y’  compositions}  19-21],  The  y/y’ 
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interface  width  changes  from  2.4  in  EWQ  to  1.6  in  EWQ+60  condition.  The  summary  of 
these  results  has  been  compiled  in  Table  3.  It  is  to  be  noted  that  as  these  interface  widths 
were  measured  from  the  proximity  histogram  profiles,  they  have  been  averaged  for  all 
different  vectors  drawn  perpendicular  to  the  precipitate-matrix  interface.  Thus  the  overall 
error  associated  with  such  an  approach  is  very  minimal. 

In  all  four  proxigrams,  A1  and  Ti  partition  to  the  y’  precipitates,  while  Co  and  Cr 
partition  more  strongly  to  the  y  phase.  The  proxigrams  in  Fig.  4  do  show  a  progressive 
change  in  the  y’  precipitate  composition  while  undergoing  isothermal  annealing  post 
extreme  water  quenching  (EWQ).  Thus  when  compared  with  EWQ  sample,  60  minutes 
annealing  at  760  °C  changes  the  Ti  and  A1  content  in  y’  precipitates  from  8.46%  to  10.56 
at%  and  9.33  to  10.27  at%,  respectively.  Conversely,  the  concentration  of  Cr  and  Co 
significantly  decreases  (7.57  to  2.88  at%  and  9.29  to  5.96  at%,  respectively).  These 
results  demonstrate  that  the  y’  precipitates  start  with  a  far-from  equilibrium  composition 
and  on  subsequent  isothermal  annealing  gets  enriched  in  Ti  and  A1  and  depleted  in  Cr  and 
Co  to  reach  a  near-equilibrium  composition  [Table  1]. 

The  y  matrix  follows  an  opposite  trend  where  the  concentration  of  A1  and  Ti  slightly 
decreases  and  that  of  Cr  and  Co  significantly  increases  on  annealing  for  60  minutes 
[Table  2],  As  a  result  of  its  low  diffusivity,  in  all  cases  Mo  shows  the  least  partitioning 
among  the  major  alloying  elements  in  Rene  88  DT. 

Furthermore,  the  proxigrams  in  Fig.  4(a)  and  (b)  do  show  a  local  increase  in  the  Cr 
and  Co  contents  and  depletion  in  A1  and  Ti  contents  on  the  y  side  of  the  order-disorder 
interface.  However  at  distances  further  away  from  the  interface,  the  Cr  and  Co  contents 
reduce  while  the  A1  and  Ti  contents  increase.  This  effect  is  due  to  the  fact  that  only  local 
equilibrium  has  been  established  near  the  y/y’  interface  in  the  early  stages  of  annealing 
(lmin  and  5  min).  However  for  these  short  annealing  times,  non-equilibrium  far- field  y 
compositions  are  observed.  This  phenomenon  is  not  observed  in  samples  annealed  for 
longer  time  periods  (30min  and  60min)  due  the  establishment  of  long-range  equilibration 
in  the  y  matrix,  evident  from  Figs.  4(c)  and  (d),  respectively. 

Comparing  all  the  proxigrams  shown  in  Fig.  4,  in  the  EWQ+60  case  (Fig.  4(d)),  the 
compositions  of  y  and  y’  phases  are  nearest  to  equilibrium.  This  can  be  concluded  by 
comparing  the  phase  compositions  in  this  sample  with  those  reported  previously  for  a 
760°C/50  hrs  long-term  annealed  Rene  88  sample  [19].  Furthermore,  based  on  both  the 
3D  APT  reconstructions  shown  in  Fig.  4  as  well  as  dark-field  images  shown  in  Fig.  2,  the 
y’  precipitates  exhibit  a  near-spherical  morphology  indicating  the  dominance  of  surface 
energy  at  these  size  scales. 

The  tendency  for  phase  separation  within  the  EWQ  and  annealed  samples  has  been 
investigated  via  more  detailed  statistical  analysis  of  the  APT  data  collected  from  these 
samples.  Thus,  for  each  APT  reconstruction  dataset,  several  100  atom  bins  are  chosen 
and  the  composition  of  these  bins  for  one  specific  constituent  (Cr  was  chosen  in  this  case) 
is  plotted  with  respect  to  the  number  of  bins  for  that  particular  composition.  In  a  random 
solid  solution,  such  a  frequency  distribution  plot  would  exactly  match  with  the  binomial 
distribution  for  a  particular  dataset.  This  technique  is  more  commonly  known  as  the 
Fanger,  Bar-on  and  Miller  (FBM)  method  [22,23].  The  presence  of  a  phase  separation  or 
compositional  clustering  within  the  dataset  leads  to  a  deviation  from  the  perfect  binomial 
distribution  and  is  usually  manifested  as  a  peak  broadening  eventually  leading  to  one  or 
more  splits  developing  in  the  peak. 
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Using  the  LBM  method,  the  frequency  distribution  plot  for  a  dataset  corresponding  to 
a  phase  separated  system,  exhibiting  a  split  peak,  can  be  fitted  to  two  Gaussian 
distribution  functions  of  equal  width,  a,  centered  at  concentrations,  pi  and  p2-  The 
composition  amplitude,  AC,  is  given  by  p2  -  Pi-  Note,  that  this  method  gives  only  an 
approximate  estimate  of  the  phase  compositions.  In  this  study,  Co  is  estimated  as  the 
average  composition  (bulk  composition)  of  Cr  in  the  alloy,  pi  and  p2  are  the  compositions 
of  the  y’  and  y  phases,  and  fy>  and  fy  are  the  estimated  volume  fractions  of  these  phases, 
respectively. 

Fig.  5  shows  the  compilation  of  different  frequency  distribution  plots  corresponding 
to  the  extreme  water  quenched  (EWQ),  1  min  annealed  (EWQ+1),  5  min  annealed 
(EWQ+5),  30  mins  annealed  (EWQ+30)  and  60  mins  annealed  (EWQ+60)  samples.  The 
corresponding  estimated  parameters  (namely  pi,  p2,  a,  fy-  and  fy)  obtained  from  the  LBM 
plots  in  Fig.  5  are  summarized  in  Table  3.  The  EWQ  sample  does  not  exhibit  any 
indication  of  phase  separation;  however,  the  frequency  distribution  plot  for  the  EWQ 
sample  does  not  fit  a  perfect  binomial  plot  (not  shown)  either.  Upon  annealing,  the 
frequency  distribution  initially  decreases  in  amplitude  with  a  broadened  peak  as  shown  in 
the  EWQ+1  sample.  After  5  min  of  annealing  at  760°C,  the  frequency  distribution  plot 
exhibits  the  onset  of  peak  separation,  likely  as  a  result  of  composition  partitioning  due  to 
y’  formation.  Thus,  the  fitted  peaks  of  the  two  Gaussians  correspond  to  the  Cr 
concentration  present  in  the  y  and  y’  phases.  Similarly,  the  plots  corresponding  to 
EWQ+30  and  EWQ+60  also  clearly  show  two  different  peaks  corresponding  to  the  y  and 
y’  phases,  thus  deviating  significantly  from  the  binomial  distribution  corresponding  to  a 
random  solid  solution  (not  shown).  In  each  of  the  EWQ+5,  EWQ+30  and  EWQ+60 
conditions,  the  area  under  each  of  the  curve  nominally  corresponds  to  the  volume  fraction 
of  each  phase.  Comparing  these  three  cases,  the  area  under  the  curve  with  low  Cr 
concentration  (corresponding  to  y’  precipitates)  increases  with  annealing  time,  indicating 
that  there  is  an  increase  in  volume  fraction  of  y’  precipitates  on  annealing.  The  volume 
fraction  of  y’  can  be  estimated  by  determining  the  areas  under  the  two  Gaussian  peaks 
(one  for  y’  and  one  for  y),  fitted  to  the  experimental  data.  The  computed  y’  volume 
fractions  corresponding  to  the  different  isothermal  annealing  times  have  been  listed  in 
Table  3.  The  y’  volume  fraction  changes  from  10%  in  the  as-quenched  (EWQ)  condition 
to  a  maximum  value  of  30%  in  the  60  mins  annealed  (EWQ+60)  condition.  Based  on 
solution  thermodynamic  models  using  the  Pandat™  software,  the  equilibrium  volume 
fraction  of  y’  at  760  °C  for  the  Rene  88  alloy  has  been  predicted  to  be  43.4%.  Thus,  the 
experimentally  determined  maximum  y’  volume  fraction  after  60  mins  annealing  at 
760°C  of  30%  appears  to  be  lower  than  the  thermodynamic  prediction.  Possible  reasons 
for  this  include;  the  alloy  has  not  reached  equilibrium  after  760°C/60mins  annealing,  the 
Cr-depleted  regions  that  are  being  attributed  to  the  y’  phase  in  the  APT  dataset  might  not 
include  all  the  LU  ordered  regions  in  the  sample,  inaccuracies  associated  with  the 
solution  thermodynamic  models  used  for  this  complex  multi-component  system. 

The  frequency  distribution  plots  also  clearly  reveal  that  with  increased  annealing  time 
the  Cr  content  in  the  y’  precipitates  progressively  decreases,  thus  confirming  that  the 
precipitate  composition  goes  from  non-equilibrium  towards  equilibrium.  Thus,  the  pi 
values  in  Table  3,  which  are  an  indication  of  the  Cr  concentration  in  the  y’  precipitates, 
changes  from  8.8  at%  in  the  EWQ  condition  to  3.7  at%  in  the  EWQ+60  condition. 
Comparing  these  values  with  the  previously  reported  Cr  content  ~  1.7  at%  in  large  near- 
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equilibrium  y’  precipitates  in  a  slow  cooled  and  760°C/50  hrs  aged  condition  (SC50) 
sample  [19],  it  is  clear  that  even  after  60  min  annealing  at  760°C  this  alloy  has  still  not 
reached  equilibrium.  Furthermore,  comparing  the  compositions  of  the  y  matrix  shown  in 
Table  2,  the  EWQ+60  sample  contains  lower  levels  of  Cr,  Co,  and  Mo  and  a  higher  level 
of  Ti  as  compared  with  the  SC50  sample.  This  indicates  that  the  y  matrix  has  not 
achieved  its  equilibrium  composition  even  after  760°C/60  mins  annealing  and 
consequently  the  y’  precipitates  are  still  in  their  growth  stage.  These  results  substantiate 
the  observation  of  a  non-equilibrium  volume  fraction  of  y’  for  the  EWQ+60  sample. 

Summary 

The  present  study  focuses  on  temporal  evolution  of  ordered  y’  precipitates,  forming 
via  a  non-classical  precipitation  mechanism  in  a  rapidly  quenched  commercial  Ni-base 
superalloy,  Rene  88  DT.  The  early  stages  of  non-classical  y’  precipitation  and  the 
subsequent  evolution  during  isothermal  annealing  has  been  investigated  by  coupling 
TEM  and  APT  techniques.  The  results  can  be  summarized  as  follows: 

•  LI2  ordering  within  the  y’  precipitates  can  be  observed  in  the  as-quenched  (EWQ) 
sample.  The  APT  results  reveal  an  interconnected  network  of  Cr-rich  and  Cr-depleted 
pockets,  based  on  isoconcentration  surfaces  and  2D  compositional  maps.  The  regions 
with  the  lowest  Cr  content,  corresponding  to  the  y’  precipitates,  were  delineated  by  a 
14  at%  Cr  isoconcentration  surface.  The  compositional  gradient  across  the  y/y’ 
interface  was  diffuse  and  y’  precipitate  composition  was  found  out  to  be  far-from- 
equilibrium.  These  results  indicate  a  non-classical  mechanism  of  y’  precipitation, 
mediated  by  composition  modulations,  presumably  via  spinodal  decomposition 
throughout  the  y  matrix,  followed  by  ordering  within  the  Cr-depleted  pockets 
[8,10,24]. 

•  The  morphological  evolution  of  the  ordered  y’  pockets  in  the  as-quenched  condition 
has  been  investigated  as  a  function  of  isothermal  annealing  and  results  indicate  that 
discrete  precipitates  appear  only  after  annealing  for  at  least  1  min  at  760°C. 
Moreover,  the  y’  precipitates  exhibit  nearly  spherical  morphologies  with  a  unimodal 
size  distribution  for  all  annealing  times.  Equivalent  diameters  for  y’  precipitates 
increase  with  increasing  annealing  time. 

•  The  compositional  profiles  (proxigrams)  across  the  y/y’  interfaces  clearly  show  that 
the  y’  phase  composition  has  not  yet  reached  equilibrium  in  the  early  stages  of 
annealing.  Additionally,  while  local  equilibrium  is  achieved  in  the  y  matrix  near  the 
precipitate/matrix  interface,  the  far-field  matrix  composition  exhibits  a  departure  from 
equilibrium,  involving  an  excess  of  A1  and  Ti  and  depletion  of  Cr  and  Co.  The  y/y’ 
interface  width  also  becomes  sharper  with  increasing  annealing  time. 

•  The  y’  volume  fraction  is  far-from  equilibrium  in  the  as-quenched  (EWQ)  condition 
and  increases  with  annealing  time  and  approaches  equilibrium.  However,  even  after 
annealing  for  60  mins  at  760°C,  the  computed  y’  volume  fraction  from  the  APT 
results  is  ~  30%,  significantly  lower  than  the  value  of  43%  predicted  by  solution 
thermodynamic  models  (P  AND  AT™). 
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The  results  of  this  investigation  clearly  highlight  the  role  of  the  decomposition 
pathway  adopted  during  y’  precipitation  on  the  eventual  microstructural  evolution  in  a 
Ni-base  superalloy.  Thus,  a  non-classical  mechanism  of  y’  precipitation  mediated  by 
compositional  modulations  developing  within  the  y  matrix,  leads  to  a  large  number 
density  of  uniformly  distributed  precipitates  which  exhibit  a  monomodal  size  distribution 
and  far-from  equilibrium  compositions.  Subsequent  isothermal  annealing  leads  to  the 
growth  of  these  y’  precipitates,  while  still  maintaining  a  monomodal  size  distribution,  and 
their  compositions  approach  equilibrium.  This  is  in  contrast  to  previous  reports  of  y’ 
precipitation  during  continuous  cooling  at  relatively  slower  rates,  via  a  classical 
nucleation  and  growth  mechanism,  wherein  the  precipitates  typically  achieve  a  near¬ 
equilibrium  composition  right  from  the  early  stages  and  multiple  nucleation  bursts  can 
take  place,  resulting  in  a  multi-modal  size  distribution  of  the  precipitates  [19,25-30]. 
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O0O 

2.94 

0.0] 

L.EO 

0.01 

211 

0.00 

0.* 

0.2E 
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Table  3.  Estimated  parameters  of  the  LBM  fit  to  the  frequency  distributions  as  a  function 
of  Cr  concentration. 


Sample 

Co(%) 

At  l 
(%) 

At  2 
(%) 

cr 

(%) 

fv 

(%) 

V 

(%) 

Interface  width 
with  respect  to  Cr 

EWQ 

17.84 

8.8 

18.8 

3 

90 

10 

2.4 

EWQ+1 

17.50 

8.5 

19.5 

3 

82 

18 

2.1 

EWQ+5 

17.59 

7.6 

22.6 

4 

80 

20 

2.1 

EWQ+30 

17.01 

5 

23 

3 

74 

26 

2.1 

EWQ+60 

17.67 

3.7 

24.7 

3 

70 

30 

1.6 

Figure  captions 

Fig.  1.  a)  SAD  pattern  of  the  rapidly  cooled  Rene  88  DT  sample  (EWQ)  showing  the 
superlattice  spots,  as  well  as  the  fundamental  reflections  that  correspond  to  the  y’  and  y 
phases,  b)  APT  reconstruction  delineating  the  Cr-rich  and  Cr-depleted  regions  and  the  2D 
concentration  map  of  Cr  showing  the  interconnected  Cr  networks,  c)  Proxigram 
corresponding  to  the  14  at%  Cr  isosurface  for  the  major  alloying  elements. 

Fig.  2.  Dark  field  images  and  SAD  patterns  of  the  rapidly  cooled  Rene  88  DT  sample 
followed  by  annealed  at  760  °C  for  a)  1  min,  (EWQ+1),  b)  5min,  (EWQ+5),  c)  30  min, 
(EWQ+30),  and  d)  60  min,  (EWQ+60). 

Fig.  3.  Frequency  size  distribution  of  y’  precipitates  using  dark  field  images  for  rapidly 
cooled  samples  followed  by  annealed  at  760  °C  for  a)  1  min  b)  5mins  c)  30  mins  and  d) 
60mins. 


Fig.  4.  APT  reconstructions  of  the  14  at%  Cr  isosurface  with  Ni  atoms  (shown  in  green) 
and  proxigrams  corresponding  to  the  14  at%  Cr  isosurface  of  Cr,  Co,  Mo,  Ti,  and  A1  in 
the  rapidly  cooled  samples,  followed  by  annealing  at  760  °C  for  a)  1  min,  (EWQ+1),  b) 
5 min,  (EWQ+5),  c)  30  min,  (EWQ+30),  and  d)  60  min,  (EWQ+60). 

Fig.  5.  Normalized  LBM  plot  showing  the  phase  separation  of  Cr  as  a  function  of 
annealing  time. 
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Fig.  1 .  a)  SAD  pattern  of  Rene  88  DT  rapidly  cooled  sample  (EWQ)  shows  the 
superlattice  spots  as  well  as  the  fundamental  reflections  correspond  to  the  g’  and  g’ 
phase,  b)  APT  reconstruction  delineating  the  Cr-rich  and  Cr-depleted  regions  and  2D 
Cr  concentration  map  show  interconnected  of  Cr  network,  c)  Proxigram 
corresponding  to  14%Cr  isosurface  for  major  alloying  elements 
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Fig.  2.  Dark  field  images  and  SAD  patterns  of  Rene  88  DT  rapidly  cooled  sample 
followed  by  annealed  at  760  °C  for  a)  1  min  b)  5mins  c)  30  mins  and  d)  60mins. 
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Fig.  3.  Frequency  size  distribution  of  g’  precipitates  using  dark  field  images  for 
rapidly  cooled  samples  followed  by  annealed  at  760  °C  for  a)  1  min  b)  5mins  c)  30 
mins  and  d)  60mins. 


15 

Approved  for  public  release;  distribution  unlimited. 


Distance  (nm) 


^"Mo 


Fig.  4.  APT  reconstructions  of  14%  Cr  isosmface  with  Ni  atoms  (green)  and 
proxigrams  corresponding  to  14  at%  Cr  isosuiface  of  Cr,  Co,  Mo,  Ti,  and  A1  in 
rapidly  cooled  samples  followed  by  annealed  at  760  °C  for  a)  1  min  b)  5mins  c)  30 
mins  and  d)  60mins. 
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Normalized 


Fig.  5.  Normalized  LBM  plot  showing  the  phase  separation  of  Cr  as  a  function  of 
annealing  time 
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